Abstract. The selection of insecticide-resistant genotypes in Anopheles gambiae , the most important malaria vector in Africa, makes disease control problematic in several endemic areas. The early detection and monitoring of resistance associated mutations in field mosquito populations is essential for the application of successful insecticide-based control interventions. Currently, the surveillance of these mutations is performed using individual assays, some of which require sophisticated and expensive equipment. Here we describe a novel multiplex polymerase chain reaction-based assay for detecting simultaneously the five single nucleotide polymorphisms in the voltage-gated sodium channel and the ace-1 genes, which have been associated with the mosquito response to most commonly used insecticides.
Malaria causes extensive morbidity and mortality and is a major economic burden within disease-endemic countries. 1 The main malaria vectors in Africa are members of the Anopheles gambiae complex. Chemical insecticides are considered the most effective means to control An. gambiae s.l. populations. Primary interventions include impregnated bednets and long-lasting insecticide residual sprays (IRSs) and are based on pyrethroid (such as deltamethrin), carbamate (such as bendiocarb, a valid alternative to pyrethroids increasingly used in several countries as part of an insecticide resistance management strategy), and organochlorine (DDT) insecticides. However, the emergence of resistance in An. gambiae populations mainly caused by the selection of target site resistance mutations, severely reduces the effectiveness of insecticide-based control measures. A glycine to serine substitution at position 119 (GGC to AGC) of the ace-1 gene, the target site of carbamates and organophosphates, confers high levels of resistance against these insecticides.
2,3 It has been recently shown that this mutation is spreading in populations of An. gambiae s.s. from West Africa. 4 Two point mutations that affect the same codon (1,014) in the voltage-gated sodium channel gene confer resistance to pyrethroids and DDT. This is known as knockdown resistance ( kdr ), whereas the corresponding wild-type allele is referred to as knockdown susceptible ( kds ). The first kdr mutation, termed kdr -west ( kdr-w ) causes a leucine to phenylalanine change (TTA to TTT) and was originally detected in West Africa. 5 The second mutation, termed kdr -east ( kdr-e ), results in the substitution of a leucine for serine (TTA to TCA) and was initially identified in East Africa. 6 More recently compound heterozygotes for both kdr mutations have been reported. [7] [8] [9] For the genotyping of the ace-1 locus, a simple polymerase chain reaction (PCR)-based molecular test has been described, which takes advantage of an AluI restriction site present only in the resistant allele. 3 For the genotyping of the kdr locus, several molecular techniques have been described. The first method for detecting the kdr status of An. gambiae was based on an allele-specific PCR assay. 5, 6 However, because it was later recognized that this approach is prone to ambiguities and errors, 7, 8, 10 a number of alternative diagnostic tests have been developed recently. Some of these, such as Taqman assays and high-resolution melt analysis, 11 fluorescence resonance energy transfer/melt curve analysis, 7 and PCR elongation combined with fluorescence, 10, 12 may not be an option of choice for some laboratories in malaria-endemic countries, because they need access to expensive equipment. Although alternative approaches, such as heated oligonucleotide ligation assay, 13 sequence-specific oligonucleotide probe-ELISA assay, 14 and PCR sequence-specific oligonucleotide probe assay, 15 only need basic equipment and are more amenable to laboratories with limited resources, they use lengthy and laborious protocols with many steps (15) (16) (17) . 11 Finally, a primer introduced restriction analysis-PCR assay (PIRA-PCR) that needs standard, inexpensive equipment and is accomplished in three steps has recently been described. 16 We developed a multiplex PIRA-PCR assay (mPIRA-PCR) for genotyping both the kdr and ace-1 loci with a single PCR reaction followed by two restriction digests and agarose gel electrophoresis. Two sets of primers are combined in a multiplex PCR reaction. The first set amplifies a fragment of the ace-1 gene. After digestion with AluI, the presence of a wildtype allele ( ace-1s ) is inferred by the appearance of a 276-bp fragment, whereas the presence of a resistant allele ( ace-1r ) is inferred by the appearance of two fragments of 159 and 117 bp ( Figure 1A ). The second primer set amplifies a fragment of the kdr locus. The forward primer of this set introduces, through a mismatch, a base substitution to the PCR product adjacent to the polymorphisms of the kdr locus. This allows the distinction of the three kdr alleles after digestion of the amplified DNA with TasI and ApoI. The kds allele is digested by TasI but not by ApoI, the kdr-w allele is digested by both enzymes, and the kdr-e allele is not cleaved by any of them ( Figure 1B ) . The simultaneous genotyping of both the kdr and ace-1 loci is achieved by combining in the same tube the ApoI digest for the kdr polymorphism and the AluI digest for the ace-1 polymorphism. In total, 18 genotypes can be reliably determined ( Figure 1C ) .
To validate mPIRA-PCR, we successfully analyzed 33 samples. The mosquitoes were both males and females either . In all specimens, the genotype of the kdr locus was known. The genotype of the ace-1 locus was known in the ace-1s / ace-1r and ace-1r / ace-1r samples. In the rest of the samples, it was unknown and was identified as wild type, with one exception of a sample that was heterozygote for both loci ( ace1s / ace-1r , kds / kdr-w ). Typical results from the analysis of the three possible genotypes of the ace-1 locus in the kds homozygous background and of the six possible genotypes of the kdr locus in the ace-1s homozygous background are depicted in Figure 2 . Approximately 50 ng of genomic DNA from individual insects was used as template in a 30-µL PCR reaction with 2 units of hot start Taq polymerase (SmartTaq; Hytest, Turku, Finland) in 1× buffer supplied by the manufacturer, at a final concentration of 1.5 mmol/L MgCl 2 , 0.15 mmol/L dNTPs, 0.4 mmol/L of each of the KDR-F/KDR-R primers, and 0.2 mmol/L of each of the Ach-F/Ach-R primers. The amplification reaction consisted of one step at 94°C for 2 minutes; 35 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds; and a final extension step at 72°C for 2 minutes. Five microliters of the PCR products was digested with 1) 1 unit of TasI (Fermentas Life Sciences, Vilnius, Lithuania ) for 2 hours at 65°C in 1× Tango buffer (Fermentas Life Sciences) and 2) 1 unit of ApoI (New England Biolabs, Beverly, MA ) plus 5 units of AluI (Fermentas Life Sciences) for 2 hours at 37°C in 1× Tango buffer. Digestion products were analyzed on a 3.2% (wt/vol) agarose gel (UltraPure agarose; Invitrogen, Carlsbad, CA ) supplied with the nontoxic alternative of ethidium bromide GelRed (Biotium, Hayward, CA ) at the concentration recommended by the manufacturer. We estimated that the cost of mPIRA-PCR is US$1.08 per sample, which equals US$0.54 per locus analyzed. This price seems very competitive, given that, in a recent comparative analysis of various methods, the cost of genotyping only the kdr locus has been estimated between US$0.62 and 1.74 per sample.
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As far as the identification of the two ace -1 alleles are concerned, the concept of mPIRA-PCR is very similar to that proposed by Weill and others, 3 although we used a different set of primers that allows the production of restriction fragments clearly separated by electrophoresis from those generated for the analysis of the kdr locus. Regarding the kdr . The three mismatches at the 5' region of the Kdr-F have been introduced to increase the quality of the primer, calculated using the freely available software AmplifX by Nicolas Jullien. The A in bold at the 3' region of the Kdr-F makes possible the discrimination of the three alleles after digestion of the PCR products with ApoI and TasI. The recognition sites of ApoI (R/AATTY) and TasI (/AATT) are depicted by a gray and an open box, respectively. The mismatch at the 3' region of the Kdr-R has been introduced to destroy a natural TasI restriction site present in the intron (italic letters) that follows the kdr mutations. C , Schematic representation of mPIRA-PCR genotyping. White boxes represent bands that are used to genotype the ace-1 locus, whereas black boxes represent bands that are used to genotype the kdr locus.
genotyping, our method is based on the same principle as the PIRA-PCR assay recently described by Janeira and others. 16 Although both methods rely on the PIRA-PCR, 17 our design is fundamentally different. mPIRA-PCR, apart from allowing the simultaneous genotyping of two resistance associated loci, is faster than PIRA-PCR (it can be completed in 6 hours instead of 2 consecutive days) and less laborious (it needs one instead of two PCR reactions).
Our method is the first designed for the simultaneous genotyping of two loci that are of paramount importance for insecticide resistance of An. gambiae . Furthermore, it is nontoxic and is accomplished in only three simple steps lasting < 6 hours. The reliability, cost effectiveness, ease of use, and speed of mPIRA-PCR makes it a very attractive test for typing alleles crucially implicated in insecticide resistance of the malaria vector An. gambiae .
